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Awareness of the immunological underpinnings of host-parasite interactions may reveal immune signaling pathways that could
be used to treat inflammatory disease in humans. Previously we showed that infection with the rat tapeworm, Hymenolepis
diminuta, used as a model helminth, or systemic delivery of worm antigen (HdAg) significantly reduced the severity of dinitro-
benzene sulfonic acid (DNBS)-induced colitis in mice. Extending these analyses, intraperitoneal injection of HdAg dose-
dependently suppressed dextran sodium sulfate (DSS)-induced colitis, and this was paralleled by reduced gamma interferon
(IFN-v), interleukin-17 (IL-17), and tumor necrosis factor alpha (TNF-a) production and increased IL-10 production from mi-
togen-activated splenocytes. Treatment with HdAg resulted in a CCR2-dependent recruitment of CDIIb* F4/80* Ly6C™ Gr-1"
monocyte-like cells into the peritoneum 24 h later that were predominantly programmed death ligand 1 (PD-L1) positive and
CXCR2 negative. In vitro assays indicated that these cells were unable to suppress T cell proliferation but enhanced IL-10 and
IL-4 production from activated T cells. Adoptive transfer of the HdAg-recruited monocytic cells into naive mice blocked DSS-
induced colitis. These findings add to the variety of means by which treatment with parasitic helminth-derived antigens can
ameliorate concomitant disease. A precise understanding of the mechanism(s) of action of HdAg and other helminth-derived
antigens (and a parallel consideration of putative side effects) may lead to the development of novel therapies for human idio-

pathic disorders such as inflammatory bowel disease.

U ntil relatively recently, analysis of the host response to infec-
tion with helminth parasites focused almost invariably on
TH2 immunity; however, it has emerged that helminth parasites
trigger a complex regulatory network in their mammalian hosts
that is characterized by cytokines (e.g., interleukin-10 [IL-10] and
transforming growth factor 8 [TGF-f]) and cellular components
(e.g., regulatory macrophages and T cells) (1). Indeed, the devel-
opment of an immunoregulatory environment likely contributes
to the chronicity of helminth infection and asymptomatic disease.
Moreover, individuals infected with a variety of species of hel-
minths can be protected from concomitant disease as demon-
strated in animal models of multiple sclerosis (2—4), joint (5-7)
and gut (8-10) inflammation, and allergy (11, 12). In addition,
treatment with somatic extracts or secreted products can sig-
nificantly attenuate disease severity in models of inflammatory
diseases (13—15), raising the possibility that isolation and pu-
rification of helminth-derived molecules could result in new
anti-inflammatory drugs.

The inverse relationship between the geographical distribution
of inflammatory bowel disease (IBD) (i.e., Crohn’s disease and
ulcerative colitis) and areas of endemic helminth infection sug-
gests that infection with helminth parasites may protect against
IBD (16). Testing this hypothesis, infections with Trichinella spi-
ralis, Schistosoma mansoni, and Heligmosomoides polygyrus were
shown to inhibit inflammation in dinitrobenzene sulfonic acid
(DNBS)- and dextran-sodium sulfate (DSS)-induced colitis and
piroxicam-treated IL-10"/" mice, respectively (8, 9, 17)—all es-
tablished mouse models of colitis that share some similarities to
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human IBD. Similarly, and as an alternative to viable infection,
systemic administration of helminth-derived antigens can ame-
liorate colitis in animal models. As examples, the excretory/secre-
tory (E/S) products from adult T. spiralis reduced DSS-induced
colitis (18) and S. mansoni egg antigens ameliorated immune-
mediated colitis (19): in both instances, suppression of TH1 and
TH17 cytokines correlated with the beneficial anticolitic effect.
While encouraging, the precise mechanism of action of any hel-
minth-derived extract or molecule to block colitis or other inflam-
matory diseases is not well understood.

In some of the first studies on helminth-induced suppression
of colitis, we found that mice infected with five cysticercoids of the
rat tapeworm, Hymenolepis diminuta, showed minor improve-
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ment in DSS-induced disease (20) but were remarkably protected
from the colitic effect of intrarectal administration of DNBS (10).
Daily intraperitoneal (i.p.) doses (1 mg) of a high-molecular-
weight (MW) crude extract of adult H. diminuta over the 3 days of
DNBS treatment significantly reduced the severity of inflamma-
tion in the colon (21). The relatively minor ability of infection
with H. diminuta to alleviate DSS-induced disease was puzzling.
Consequently, we tested the hypothesis that a crude extract of
adult H. diminuta antigens (HdAg) would attenuate colitis in-
duced by DSS.

The data herein reveal that HdAg treatments significantly re-
duce the severity of DSS colitis; intraperitoneal delivery of the
HdAg resulted in recruitment of CCR2* PD-L1" monocyte-like
cells. Analysis of these CCR2* PD-L17* F4/80" Ly6C* Gr-1'° cells
revealed their capacity to induce IL-10 secretion by T cells. Adop-
tive transfer of these cells inhibited DSS-induced colitis in the
recipient mice, indicating the potential for helminth-evoked
CCR2" PD-L1" F4/80" Ly6C" Gr-1' cells to suppress intesti-
nal inflammation.

MATERIALS AND METHODS

Ethics. All of the experiments conducted in this study conformed to Ca-
nadian national guidelines on animal use in experimentation as adminis-
tered by the Health Science Animal Care Committee under ethics proto-
col AC-13-005.

Generation of H. diminuta crude antigens (HdAg). Adult H.
diminuta parasites were flushed from the small intestine of rats (Charles
River, QC, Canada) with sterile phosphate-buffered saline (PBS), treated
with antibiotics (gentamicin solution; Sigma, St. Louis, MO]) for 2 h,
centrifuged, and then homogenized in sterile PBS on ice using a Polytron
PT1200 (Kinematica AG, Switzerland). The homogenate was centrifuged
twice at 4,000 rpm for 30 min at 4°C, the PBS-soluble supernatant was
collected, and the pellet was discarded. Endotoxin measurement (Toxin-
Sensor Chromogenic LAL kit; GenScript, Piscataway, NJ) revealed 65 pg
lipopolysaccharide (LPS)/1 mg of HdAg extract. The protein concentra-
tion in the HdAg preparations was determined by the Bradford assay
(Bradford reagent; Sigma-Aldrich, St. Louis MO), and aliquots were
stored at —80°C. Three separate HdAg preparations were used in this
investigation, and each suppressed LPS-induced tumor necrosis factor
alpha (TNF-a) production from the THP-1 monocytic cell line by at least
40% (21).

Induction and assessment of murine colitis. Male 7- to 9-week-old
BALB/c or C57BL/6 mice (Charles River) were divided into four experi-
mental groups: (i) mice receiving tap water (water group), (i) mice re-
ceiving 5% (wt/vol) (BALB/c) or 3% (wt/vol) (C57BL/6) DSS (MW,
40,000 to 50,000 [Affymetrix]) in drinking water for 5 days with an addi-
tional 3 days on normal tap water (DSS group) (or given i.p. injections of
sterile PBS as a control), (iii) mice exposed to DSS and given different
doses of HdAg via i.p. injection in 500 pl of sterile PBS at indicated time
points (Fig. 1A) (DSS+HdAg group), and (iv) mice injected with HdAg
only (HdAg group). In other experiments, CCR2-deficient mice
(C57BL/6 genetic background; provided by P. Kubes, University of Cal-
gary) were used and compared to wild-type C57BL/6 mice. Mouse body
weight was recorded daily, and at necropsy, the colon was removed and
measured, and a macroscopic disease activity score (DAS) was calculated
based on a validated scoring system (10). Additionally, a portion of mid-
colon was formalin fixed and processed to wax, and a histological damage
score was calculated on 5-pm hematoxylin and eosin (H&E)-stained sec-
tions in a blind fashion as described previously (10, 22).

In adoptive transfer studies, 1 X 10° sorted cells were given in 500 pl
sterile PBS via i.p. injection on days 2 and 4 post-DSS. Necropsy to assess
colitis was conducted on day 8. An additional study was conducted in
which cells (10°) isolated from the peritoneal cavity 24 h after HdAg were
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treated with a neutralizing PD-L1 antibody (20 wg/ml; Biolegend, San
Diego, CA) for 2 h at 37°C prior to adoptive transfer.

Splenocyte cultures. Spleens were aseptically removed, photo-
graphed, weighed, and then mechanically dispersed into a single-cell sus-
pension, and red blood cells were lysed with ammonium chloride buffer.
Leukocytes were resuspended in RPMI 1640 medium (Sigma-Aldrich, St.
Louis, MO) supplemented with 10% fetal bovine serum (FBS), 1.2%
GlutaMAX, and 2.4% penicillin-streptomycin (Gibco, CA) at 1 X 10°
cells/ml for flow cytometry staining and 5 X 10° cells/ml for stimulation
with concanavalin A (ConA [Sigma Chemical Co.]).

Cytokine measurements by ELISA. Forty-eight hours after ConA (5
pg/ml) stimulation, immune cell supernatants were collected, and levels
of IL-4, IL-10, IL-17A, gamma interferon (IFN-v), and TNF-« were de-
termined by enzyme-linked immunosorbent assay (ELISA) using paired
antibodies and following the manufacturer’s instructions (R&D Systems,
Minneapolis, MN).

Isolation of PECs. Four or 24 h after i.p. injection of HdAg, peritoneal
exudate cells (PECs) were retrieved by lavage with 10 ml of sterile PBS.
Cell viability was assessed by trypan blue exclusion, and viable cells were
adjusted to 10°/ml to perform flow cytometry. PECs from LPS-injected
mice (1 g) were used as a comparison with HdAg (65 pg contaminating
LPS/1 mg HdAg).

Flow cytometry analysis and cell sorting. Splenic T cells or PECs were
first incubated with anti-mouse CD16/32 TruStain FcX antibodies
(Biolegend, San Diego, CA) at 4°C for 15 min to prevent unspecific anti-
body binding and then stained with allophycocyanin (APC)-F4/80, phy-
coerythrin (PE)-Gr-1, peridinin chlorophyll protein (PerCP)-CXCR2,
APC-PD-L1, PE-PD-L2, fluorescein isothiocyanate (FITC)-IL-10 (Bio-
legend, San Diego, CA), Alexa Fluor 450-CD11b, APC/Cy7-Ly6C (BD
Bioscience, San Jose, CA), PE/Cy7-F4/80 (eBioscience, San Diego, CA),
and PE-CCR2 (R&D Systems, Minneapolis, MN) at 4°C for 30 min,
washed twice in flow cytometry buffer (PBS with 1% FBS and 0.1% so-
dium azide; Sigma Chemical Co.), and analyzed using an Attune flow
cytometer with flow cytometric software version 1.2.5 (R&D systems).
Cells were first gated based on forward and side scatter (FSC and SSC,
respectively) attributes, and doublets were excluded by FSC width and
FSC height characteristics (22).

In additional experiments, cell sorting of F4/80* Gr-1'° cells was con-
ducted at the University of Calgary Flow Cytometry Core Facility using
the FACSAria II machine and FACSDiva version 6.1.3 software (BD Bio-
sciences). Sorted cells were washed in RPMI 1640 medium with 1% FBS,
1.2% GlutaMAX, and 2.4% penicillin-streptomycin for use in either in
vitro cocultures or adoptive transfer studies. Sorted cells were assessed for
Ly6C expression. Also, sorted cell (5 X 10*) cytospins were stained with
modified Giemsa-Wright solution and observed via light microscopy.

T cell-HdAg-recruited monocytic cells in vitro cocultures. Spleno-
cytes isolated from naive mice were stained with carboxyfluorescein
succinimidyl ester (CFSE; 5 M [CellTrace cell proliferation kit; Life
Technologies, Grand Island, NY]) for 10 min at 37°C. The reaction was
quenched with 20 ml of RPMI medium supplemented with FBS (20%).
Thereafter, magnetic isolation of pure CD4" splenic T cells was per-
formed according to the manufacturer’s instructions (EasySep mouse
negative selection, CD4™" T cell enrichment kit; Stem Cell Technologies,
Inc., Vancouver, BC, Canada). Twenty-four-well plates were coated over-
night with anti-CD3 antibodies (2 pg/ml [Biolegend, San Diego, CA]) in
sterile PBS, and 24 h later, purified CFSE-stained CD4" T cells (1 X
10°/ml) were added along with soluble anti-CD28 antibodies (1 p.g/ml
[Biolegend]) and incubated for 2 h (37°C, 5% CO,). Next, PECs or sorted
F4/80" Gr-1'° monocytic cells recruited in response to HdAg (with peri-
toneal cells from PBS-treated mice used as controls) were added at a 1:4
ratio of PECs to T cells and coincubated for 96 h. To determine prolifer-
ation, CD4-specific staining was conducted, and cells gated on CD4 were
assessed for CFSE dilution. In addition, cell culture supernatants were
collected, and nitrites and cytokines were measured. In other experi-
ments, either the inducible nitric oxide synthase (iNOS) inhibitor nitro-
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FIG 1 Intraperitoneal delivery of H. diminuta antigens inhibits DSS-induced colitis. Panel A shows the 5% (wt/vol) DSS and HdAg (1 mg i.p.) treatment
regimen. Panel B shows the change in percentage of weight over the 8 days. On necropsy, colon length was recorded (C and D), a composite macroscopic disease
activity score was calculated (E), and colonic histopathology was assessed (F and G). Data are means = SEM from three independent experiments with n = 9 to
13 mice. Representative H&E-stained sections of midcolon are shown (scale bars, 100 wm). L, lumen; M, mucosa. * and #, P < 0.05 compared to mice treated with
water only and mice treated with DSS, respectively.
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TABLE 1 HdAg reduces the severity of DSS-induced colitis after 5 days
of treatment

Result for parameter”:

Colon Histopathology
Exptl group” length (cm) DAS score
Water 8.6 0.1 0 0
HdAg 84+03 0.2*0.2 0
DSS 7.2 = 0.2% 1.6 = 0.4* 3.0 = 0.8*
DSS+HdAg 8.2+ 0.3# 0.5 £ 0.2# 1.0 = 0.3%#

@ DSS, dextran sodium sulfate at 5% (wt/vol) for 5 days; HdAg, PBS-soluble

H. diminuta antigens at 1 mg i.p. on alternate days.

P DAS, disease activity score. Data are means = SEM from 2 experiments (n = 7 mice).
*and #, P < 0.05 compared to the groups treated with water only and DSS,
respectively.

L-arginine methyl ester (L-NAME; 1 mM [Sigma-Aldrich]) or a neutral-
izing anti-PD-L1 antibody (5 wg/ml [Biolegend]) was added to the PEC-T
cell cocultures. In PBS-treated mice, there was an absence of recruited
F4/80" Gr-1' cells, and so F4/80" Gr-1" cells were retrieved from the
peritoneal cavity and termed “resident” cells for comparison with the
HdAg-recruited cells.

Griess reaction. Nitric oxide production was determined by measur-
ing nitrite levels in cell culture supernatants as previously reported (23).
Supernatants were combined with an equal volume of 2% sulfanilamide
and 0.1% N-1-naphthylethylenediamine dihydrochloride (both Sigma
Chemical Co.) to convert nitrite into a magenta-colored azo compound
with a measurable absorbance at 540 nm. Nitrite levels were determined
based on a standard curve of known sodium nitrite concentrations.

In vitro chemotaxis assay. Murine bone marrow cells were isolated
and stimulated with macrophage colony-stimulating factor (M-CSF
[R&D Systems]) for 48 h, and the resultant macrophages were collected
and used (1 X 10°) in an agarose gel chemotaxis assay as previously de-
scribed (24), using HdAg (1 mg/ml) or LPS (10 pg/ml) as a positive
control. Chemotaxis was assessed after 18 h of culture.

Statistical analysis. Data are presented as means * standard errors of
the means (SEM). Differences between groups were determined by one-
way analysis of variance (ANOVA). When P was <0.05, the ANOVA was
followed by post hoc analyses with Tukey’s multiple-comparison test for
parametric data and Dunn’s multiple-comparison test for nonparametric
data, where Pis <0.05 was accepted as a statistically significant difference.
All statistical analyses were performed using Graph Pad Prism V5 soft-
ware.

RESULTS

Intraperitoneal delivery of HdAg attenuates DSS-induced coli-
tis, concomitant with reduced TH1 and TH17 cytokine produc-
tion. BALB/c mice exposed to drinking water containing 5% DSS
(Fig. 1A) developed colitis (Fig. 1B to G). In comparison, mice
treated with HdAg (1 mg) on alternate days had significantly less
DSS-induced disease as assessed by body weight (Fig. 1B), colon
length (Fig. 1C and D), a macroscopic disease score (Fig. 1E), and
histological damage/inflammation in the colon (Fig. 1F and G).
(C57BL/6 mice treated with HdAg displayed less DSS-induced
colitis [see Fig. S1 in the supplemental material].) Unexpectedly,
DSS+HdAg-treated BALB/c (Fig. 1B) (but not C57BL/6 mice)
showed a drop in weight 24 to 28 h after treatment that rebound-
ed: the reason for this is unexplained. Additional experiments
were conducted in which mice received DSS-water for 5 days * 3
i.p. injections of HdAg every other day, with necropsy on day 5:
this resulted in significantly less disease (Table 1), suggesting that
early inflammatory events elicited by DSS are blocked by HdAg
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treatment. Time-matched mice treated with only HdAg showed
no signs of disease or histopathology in the colon (Fig. 1; Table 1).

Animals treated with four doses of HdAg * DSS displayed
splenomegaly (Fig. 2A). Cytokine output from mitogen-activated
splenocytes retrieved at the end of the DSS exposure (i.e., day 5) or
after an additional 3 days of normal drinking water (i.e., day 8) was
assessed. Peak production of IFN-y, IL-17, and TNF-« occurred
at day 5 in the DSS group: the levels of these cytokines were
significantly lower in the DSS+HdAg group at this time point
(Fig. 2B to D). The increases in these cytokines at day 8 were also
significantly smaller in DSS+HdAg-treated mice. Stimulated
splenocytes from DSS+HdAg-treated and DSS-treated mice pro-
duced more IL-10 than cells from control mice at day 5. However,
at the 8-day time point, splenocytes from HdAg*+DSS-treated
mice produced significantly more IL-10 than cells from mice in
the other groups (Fig. 2E); IL-4 was similarly increased in these
two groups of mice at the 8-day time point (Fig. 2F). HdAg treat-
ment alone, in the absence of disease, significantly increased
splenocyte production of IL-17 and TNF-« on days 5 and 8, re-
spectively (Fig. 2C and D), which may be related to the low level of
LPS contamination or other Toll-like receptor (TLR) ligands in
the crude worm extract.

Flow cytometry revealed a trend toward decreased Foxp3 ex-
pression in splenic CD4™ cells from DSS-treated mice that was
not statistically significant. DSS+HdAg treatment did not re-
sult in any increase in CD4 " Foxp3™ splenocytes (n = 4 [data not
shown]).

Dose-response analysis (the regimen depicted in Fig. 1A) re-
vealed that 100 ug HdAg had, at best, a mild benefit in inhibiting
DSS-induced colitis, whereas repeated 500-j.g and 1-mg doses
significantly reduced the severity of DSS-induced disease by all
indices measured, elicited increases in spleen size and reduced
spleen cell production of IFN-v, IL-17, and TNF-a, and enhanced
IL-4 and IL-10 output (Table 2; see Fig. S2 in the supplemental
material).

IL-10 is an important immunoregulatory cytokine in en-
teric inflammation (25, 26); intracellular staining revealed
small, statistically nonsignificant percentage increases in IL-
10" splenic lymphocytes (data not shown); however, because
of the splenomegaly, this translated into significantly increased
numbers of CD4", CD8", and CD19" cells capable of synthe-
sizing IL-10 (Fig. 3).

Monocyte-like cells recruited in response to HdAg can in-
duce IL-10 production in CD4" T cells. Treatment with HdAg
could ameliorate colitis via a variety of mechanisms (1, 21, 22).
Antigens from the flatworms S. mansoni and Taenia crassiceps can
mobilize myeloid-derived suppressor cells (MDSCs) (27, 28). As-
sessing peritoneal cellularity, an obvious immune cell recruitment
was noted 24 h after HdAg or LPS injection (Fig. 4A): total cell
numbers increased 3- to 4-fold from (2.5 = 0.2) X 10° in PBS-
treated mice to (8.4 = 0.8) X 10°in animals given HdAg (24 h; n =
10, P < 0.01), with a striking increase in CD11b ™ Gr- 1'° cells in the
HdAg group (Fig. 4B). CD11b and Gr1 identify a number of my-
eloid and neutrophil populations. Thus, subsequent flow cytom-
etry used Ly6C, F4/80, and CCR2 to distinguish between neutro-
phils and monocytes/macrophages (Fig. 4C and D). Ly6C and
CCR2 staining revealed recruitment of a monocyte-like popula-
tion with the phenotype CD11b™ Gr-1'° Ly6C™ F4/80*" CCR2™ in
the peritoneal cavity 24 h post-HdAg treatment, which is unequiv-
ocally identified as an F4/80 " Gr-1' population (~99%); this was
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FIG 2 Treatment with H. diminuta antigens reduces inflammatory cytokines in the spleen and promotes IL-10 production. BALB/c mice were treated as in Fig.
1A (5% DSS, 1 mg HdAg), and at necropsy on days 5 and 8, spleens were excised and weighed (A [day 8]), splenocytes were isolated and stimulated with ConA
(5 pg/ml per 5 X 10° cells), and 48 h later, cytokines were measured in the culture medium by ELISA (B to F). Data are means = SEM from 3 independent

experiments with n = 9 mice. *

not observed following LPS injection (Fig. 4D). This F4/80*
Gr-1' population was not observed in the peritoneal cavity 4 h
after HdAg treatment, when neutrophil influx was apparent (see
Fig. S3 in the supplemental material). Stained cytospin prepara-
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and #, P < 0.05 compared to mice treated with water only and mice treated with DSS, respectively.

tions of sorted F4/80 " Gr-1'° cells revealed morphology consistent
with a macrophage-type phenotype, whereas the sorted F4/
80~ Gr-1™ cells had a multilobed nucleus consistent with neutro-
phils (Fig. 4E) (since the F4/80 marker excludes any neutrophil
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TABLE 2 HdAg regulation of mitogen-stimulated cytokine production
by splenocytes

Cytokine production (pg/ml) in exptl group”:

DSS+HdAg
Cytokine DSS (5% [wt/vol]) 100 g 500 pg 1 mg
IFN-vy 2,376 * 492 1,113 £179* 1,091 = 187* 691 * 80*
1IL-17 17,867 = 275 911 = 191* 401 * 80* 322 * 35
TNF-a 178 = 18 113 = 25 47 £ 9* 58 *+ 14*
IL-4 48+ 3 527 89 £ 15 112 £ 17*

“ DSS, dextran sodium sulfate at 5% (wt/vol) for 5 days; HdAg, PBS-soluble

H. diminuta antigens given at 100 pg, 500 pg, or 1 mg i.p. on alternate days. Data are
means £ SEM from 2 experiments (n = 7 mice). *, P < 0.05 compared to the DSS-
treated group.

contamination); these cells were predominantly PDL-1* PDL-1"
(Fig. 4E). We focused on these F4/80" Gr-1' recruited monocytic
cells [denoted MT448)],

M2 cells retrieved 24 h after treatment did not affect
splenic CD4™" T cell proliferation (Fig. 5A); however, there were
significant increases in IL-10 and IL-4 in the cocultures (Fig. 5B)
that were not observed when the F4/80% Gr-1" cells from control
PBS-treated mice were used in the cocultures. Given that the M*4®
cells spontaneously produced neither IL-10 nor IL-4 in culture
(Fig. 5B), and in the context of the splenic cytokine production
from in vivo analyses, it is likely that the CD4* T cells were in-
duced to produce both IL-10 and IL-4 in these cocultures.

HdAg recruitment of monocytic cells to the peritoneal cavity
is CCR2 dependent. Use of an in vitro under-agarose chemotaxis
assay revealed that HdAg was not directly chemotactic for bone
marrow-derived macrophages over an 18-h period (see Fig. S4 in
the supplemental material). Gating on the F4/80" Gr-1' cells re-
trieved from the peritoneal cavity 24 h after HdAg treatment re-
vealed that the majority of these cells were CCR2* and CXCR2~
(see Fig. S5 in the supplemental material). Significantly fewer
PECs were retrieved from HdAg-treated CCR2™/~ mice (Fig.
6A) with reduced numbers of F4/80" Gr-1'° cells (Fig. 6B).
Thus, CCR2 and PD-L1 are signature markers for these MHdag)
cells, with the former required for recruitment into the peritoneal
cavity.

Adoptive transfer of F4/80% Gr-1'° cells mobilized in re-
sponse to HdAg inhibits DSS-induced colitis. The preceding
data show that the HdAg promotes the occurrence of CCR2™"
PD-L1* F4/80" Gr-1' LyC6 " monocytic cells, yet a role for these
cells, if any, in the suppression of colitis was unknown. Thus,
F4/80" Gr-1' monocytic cells were sorted from the peritoneal
cavity of mice treated 24 h previously with HdAg (1 mg), their
expression of LyC6 was confirmed, and then, in turn, the cells
were administered to mice beginning on day 2 of the DSS regimen
(Fig. 7A). With the exception of no improvement in body weight
(Fig. 7B), the transferred M448) cells significantly reduced the
severity of DSS-induced disease as gauged by colon length, mac-
roscopic disease score, and histopathology (Fig. 7C to F). Analysis
of splenic cytokines revealed that the suppression of colitis corre-
lated with reduced IL-17 and TNF-a production and increased
synthesis of IL-4 and IL-10 (Fig. 7G), analogous to the pattern
observed following delivery of H. diminuta antigen into the peri-
toneal cavity and DNBS challenge (Fig. 2).
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FIG 3 IL-10is increased in splenocytes from HdAg-treated mice. Total spleen
cells (5 X 10°) from the indicated experimental groups (Fig. 1A) were stimu-
lated with anti-CD3/anti-CD28 antibodies for 96 h, and intracellular IL-10
and surface CD4, CD8, and CD19 staining was performed, followed by flow
cytometry. The numbers of IL-10-producing CD4 (A), CD8 (B), and CD19
(C) cells were calculated based on percentage of positivity and total spleen cell
counts. Data are means = SEM from n = 5. *, P < 0.05 compared to the DSS

group.
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FIG 5 HdAg-recruited monocytic cells induce IL-10 and IL-4 in splenic CD4" T cell cocultures. Coculture of sorted F4/80" Gr-1' cells (2.5 X 10°) from
HdAg-treated [1 mgi.p., 24 h; MH448)] mice with anti-CD3+anti-CD28 activated splenic CD4™" T cells (1 X 10°) did not affect T cell proliferation (gauged by
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mice [MT] (B). Unstim, unstimulated. Data are means = SEM from 2 independent experiments with # = 6 mice. **, P < 0.01 compared to the indicated group.
“CD3/CD28” indicates T cell activation conditions. The LPS concentration was 1 pg/ml.

DISCUSSION

Helminth parasites have evolved to elude or suppress their hosts’
immune response, and this implies that they are a source of im-
munoregulatory molecules. Many studies show that tissue ex-
tracts or E/S products from helminths can suppress mammalian
immune cell activation in vitro (29—32) and ameliorate the sever-
ity of inflammatory disease in murine model systems (14, 18, 19,
29, 30, 33, 34). The demonstration herein that systemic adminis-
tration of a crude extract of adult H. diminuta parasites dose-
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dependently inhibits DSS-induced colitis adds to awareness of the
ability of helminth-derived molecules to suppress intestinal in-
flammation (19, 21, 35).

Mice infected with H. diminuta are protected from colitis in-
duced by intrarectal administration of DNBS (10): daily doses of
HdAg also block this disease (21). However, infection with H.
diminuta provided only a modest benefit in DSS-induced colitis
(20) and exaggerated oxazolone-induced colitis (36). Infection
with a viable helminth represents a very different challenge to the
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and CCR2™/~ mice received i.p. injection of HdAg (1 mg) or PBS, and 24 h
later, peritoneal exudate cells (PECs) were harvested and counted (A). Infil-
tration of F4/80" Gr-1"° cells was significantly reduced in the CCR2™/~ mice
compared to WT mice (B). Data are means * SEM from 2 independent ex-
periments with n = 8 mice. * and #, P < 0.05 compared to PECs from un-
treated and HdAg-treated WT mice, respectively.

immune system compared to systemic delivery of antigens. Test-
ing the possibility that HdAg would suppress DSS-induced colitis
revealed that intraperitoneal injection of HdAg significantly re-
duced the severity of disease.

Exposure to HdAg could elicit a variety of local or systemic
events to suppress inflammation: for example, HdAg can suppress
LPS-induced TNF-a from murine macrophages (21), and bone
marrow-derived dendritic cells pulsed with HdAg can ameliorate
colitis (37). The peritoneal cavity is emerging as a site of immune
regulation (38) and a reservoir of tissue-repairing macrophages
(39). Amelioration of trinitrobenzene sulfonic acid (TNBS)-in-
duced colitis was greater with i.p. versus intravenous delivery of
mesenchymal stem cells (40), and the mesenchymal cells blocked
colitis without the need to localize to the colon (41). Hoeksema et
al. showed that Trichuris suis soluble products evoke an M2-type
macrophage via epigenetic changes (42). Also, macrophages co-
treated with Ascaris suum E/S products and immune serum dis-
played enhanced wound-healing activity in an in vitro model (62).
Thus, we speculate that monocytes recruited into the peritoneal
cavity are converted into immunoregulatory monocyte-like cells
by exposure to the HdAg and/or released host factors, and that
these cells represent another mechanism by which HdAg treat-
ment could ameliorate colitis. Whether these cells trigger events in
the peritoneal cavity or if they need to traffic to mesenteric lymph
nodes (MLNs), spleen, or the colon to ameliorate colitis remains
to be determined.

Following HdAg injection, there was an early (by 4 h) accumu-
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lation of F4/80 Grl™cells (predominantly neutrophils) in the
peritoneal cavity that was replaced by an F4/80" Gr-1' LyC6™"
cells, whose recruitment was critically dependent on CCR2 ex-
pression. (HdAg by itself was not chemotactic for monocytes.)
These cells may represent a unique myeloid-derived suppressor
cell (MDSC) phenotype (43, 44). A requirement for CCR2 has
been described for the recruitment/expansion of MDSCs that can
exert either beneficial (e.g., suppression of experimental arthritis)
or detrimental (e.g., kidney tumor progression) health effects (45,
46). Antigens derived from flatworms do recruit myeloid cells,
and these cells blocked in vitro T cell activation; however, neither
the phenotype nor in vivo functions of these cells were reported
(27, 28, 47). The HdAg-evoked monocytic cells lacked CXCR2,
implying an immunosuppressive character, since CXCR2™"
MDSCs have been implicated in colitis-associated cancer (48) and
in Helicobacter pylori-induced gastritis (49), and CXCR2"* mono-
cytic cells have been implicated in the development of atheroscle-
rosis (50).

The M™H948) cells did not suppress T cell proliferation, a classic
feature of MDSC cells (43), but did induce increased IL-10 (and
IL-4) from cocultures of splenic CD4™ T cells (anti-CD3/CD28
activated). Mobilization of IL-10 is a common strategy in the sup-
pression of inflammatory disease. Indeed, the inhibition of colitis
evoked by infection with parasitic helminths, including H.
diminuta, or treatment with worm antigen is often accompanied
by increased IL-10 (10, 32, 51). Ligation of the programmed death
1 (PD-1) receptor is an important checkpoint in T cell prolifera-
tion (52). Infection with helminths or exposure to worm antigen
can provoke increased expression of PD-L1 and PD-L2 on my-
eloid cells (53, 54), and functional studies indicate that suppres-
sion of T cell activity in chronic helminth infections is mediated, at
least in part, by PD-L2" macrophages (54, 55). In comparison, the
M®E4A8) cells were PD-L1+ and PD-L2~ (described below).

A role for the HdAg-recruited monocytic cells in the ameliora-
tion of colitis was unknown and could have been irrelevant given
the number of anticolitic events that could be evoked by systemic
delivery of the antigen. When delivered into the peritoneal cavity
in a treatment strategy (i.e., 2 days after exposure to DSS), the
F4/80" Gr-1"° Ly6C" cells significantly reduced the severity of
DSS-induced colitis. Preliminary data suggest that the suppres-
sion of colitis is PD-L1 independent (personal observation using
neutralizing anti-PDL-1 antibodies), although additional studies
with cells lacking PD-L1 will be required to confirm or refute this
postulate.

In accordance with the data on HdAg-evoked F4/80" Gr-1'°
Ly6C* monocytic cells, increases in CD11b™ Gr1™ MDSCs have
been found in the blood and spleen of protein tyrosine phospha-
tase 1B~/ mice treated with DSS and in the spleen of mice treated
with reversatrol plus DSS. While these findings correlated with
less DSS-induced colitis, neither study reported cause-effect ex-
periments (56, 57). Also, increases in CD11b* Gr-1" MDSCs
have been found in the spleen and lamina propria of mice with
TNBS-induced colitis, and administration of these cells isolated
from the spleen inhibited colitis (58). Administration of splenic
CD11b" Gr-17 cells at the end of a 5-day 2% DSS regimen in
C57BL/6 mice hastened the recovery from colitis (59). With both
of these studies, it is unclear if the anticolitic effect was due to
Ly6C* or Ly6G" MDSCs. In addition, circulating immunosup-
pressive Gr-1" monocytes have been shown to restrict experimen-
tal allergic encephalitis in mice (32, 60).

iai.asm.org 3479


http://iai.asm.org

Reyes et al.

Post-sort
~ (>90% purity)

¢ 8614

o] ]
lllu:v;2 T vnu:l':J |YIII|I‘I.!‘ T |ln|:| . T
CCR2 ——>
sorted
M(HdAg)  \(HdAg) necropsy
0O 1 2 3 4 5 6 7 8
DSS (5%) Tap water
B) C) 1o.
1104
I
9.
- *#
) © Water § - -
P = 8
o
] B
5 L *
.=E_n -A- DSS+sort. MHIAG) 5 7
2 & DSS 3
954
6.
90 T T T T T T T 1
0o 1 2 3 4 5 6 7 8 5 T T
water DSS DSS+
DSS Tap water sort. M(H2A9)

FIG 7 Transfer of monocytic cells recruited by HdAg attenuates DSS-induced colitis. Mice given HdAg (1 mg i.p.) were necropsied 24 h later, and
peritoneal cells were stained as indicated in Materials and Methods. Thereafter, F4/80™ Gr1'° Ly6c™ cells were sorted and collected and used as shown in
the experimental paradigm in panel A (1 X 10° cells i.p.). On necropsy, severity of colitis was determined by change in body weight (B), colon length (C
and D), disease activity score (E), and histopathology (F). In panel F, representative H&E-stained sections of midcolon are shown (scale bars, 100 pm).
L, lumen; M, mucosa. Data are means = SEM from 3 experiments with n = 9 (controls) or 12 (all other groups) mice. Panel G shows cytokine production
from stimulated spleen cells (see Materials and Methods) (n = 4). * and #, P < 0.05 compared to mice treated with water only and mice treated with DSS,
respectively.

Itis not known if these various monocytic myeloid populations
are substantially or subtly different or if they block disease via
common or divergent mechanisms. The precise anticolitic mech-
anism of action of all the aforementioned myeloid cells, including
putative in vivo interaction(s) with other immune and stromal

used to treat IBD; however, the possibility exists that this therapy
could predispose the patient to infection or carcinogenesis.

In summary, injection of an extract of adult H. diminuta dose-
dependently inhibited DSS-induced colitis and was accompanied
by recruitment of CCR2* PD-L1* F4/80" Gr-1"° Ly6C" mono-

cells, demands focused research efforts. Nevertheless, a body of
evidence is emerging demonstrating that monocytic, MDSCs, or
MDSC-like cells can suppress colitis in murine models, begging
the question of whether similar phenotypes in humans could be
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cytic cells. The adoptive transfer of these M"448) cells inhibited
DSS-induced colitis, demonstrating a novel aspect by which hel-
minth-derived molecules could suppress intestinal inflammation.
It is apparent that infection with viable helminth parasites, treat-
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FIG 7 continued

ment with a variety of helminth extracts/antigens, and delivery of
either immune cells retrieved from infected individuals or im-
mune cells educated in vitro with helminth antigens all have the
capacity to block inflammatory disease (61). The challenge is to
define the immunological regulation associated with each of these
approaches to suppress inflammation and determine the optimal
means to translate this knowledge to the treatment of inflamma-
tory disease.
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